This paper focusses upon two glauconitic sandstones in the Paleoproterozoic Deoland Formation and Chorhat Sandstone, both belonging to the Semri Group, central India. In both the cases glauconitic minerals occur in sandstones deposited in the marine realm, within a transgressive systems tract (TST) for the former unit and within a highstand systems tract (HST) for the latter. The proportion of glauconitic minerals increases in the paleo-offshore direction. Petrography reveals selective early glauconitization of detrital K-feldspars along their fringes, cleavages and the fractures created by volume expansion during progressive alteration, leading to the generation of peloids with small relics of the precursors. XRD and mineral chemistry reveal a structure typical of glauconite, and more akin to Mg-rich ferric illite. The mineral chemistry of the glauconitic mineral phases remains the same whether the glauconitization process was incipient or at an advanced stage.
'immature' variety into the latter 'mature' variety of glauconites; the colour of the mineral becomes darker green as this occurs. These authors, however, recorded a compositional gap in terms of Fe 2 O 3 (total) between ferric illite and 'true' glauconites at higher K 2 O content, Fe 2 O 3 (total) not exceeding 10% in the immature variety and not less than 15% in the mature examples. Subsequent workers, nevertheless, found a compositional continuum between glauconite and ferric illite and included the latter in the glauconitic minerals family ( [Dasgupta et al., 1990] and [Deb and Fukuoka, 1998 ]; see also [Berg-Madsen, 1983] and [Ireland et al., 1983] ). This paper subscribes to the later viewpoint because the green minerals in the Semri Group are similar to glauconitic minerals structurally and in terms of their K 2 O content, even though they were incipiently developed. The paper, therefore, does not discriminate between glauconitic smectite, glauconitic mica and ferric illite when using the term glauconitization in referring to the mineralization process. Glauconite is common in sedimentary deposits on marine shelves, while ferric illite substitutes for it in terrestrial paleoenvironments ([Odin and Matter, 1981] , and [Baker, 1997] ) or under hypersaline conditions (Kossovskaya and Drits, 1970) .
The only known exception is ferric illite reported from an inferred deep marine setting within the Mesoproterozoic Penganga Group, India (Deb and Fukuoka, 1998) ; however, in this case the sources of Fe 2 O 3 (total) and MgO are doubtful because of the presence of ferro-magnesian minerals in the host sandstones. Fe and Mg were apparently derived from the seawater in the paleoenvironment within the Mg-rich ferric illites of the Semri Group. It describes the glauconitic intervals within two marine segments of the Semri Group around Chopan, central India ( Fig. 1A and B) in their respective stratigraphic context, and also the petrographic characteristics of glauconitic sandstones. We also present mineralogical and chemical characteristics of the glauconitic minerals, trace their apparent origin and ultimately focus upon the possible implications of the glauconitization in the Semri siliciclastics within the framework of their interpreted Precambrian epeiric sea genesis. It brings to the fore another striking fact that one of the two glauconitic intervals of the Semri group under focus here comprises the upper part of a HST. This observation is in direct contrast to the typical occurrence of the glauconitic family of minerals within TST deposits or, more expectedly, in condensed zone sedimentary rocks ( [Amorosi, 1995] , , [Amorosi and Centineo, 1997] and [Kitamura, 1998] ).
Geological background
The Paleo-to Neoproterozoic Vindhyan Supergroup in central India is dominated by shallow marine siliciclastics and carbonates deposited in an epeiric sea, which opened to the west (Bose et al., 2001 ). An unconformity, laterally correlatable with a conformity, divides the roughly 4.5 km-thick Vindhyan Supergroup into two parts, viz. the lower Vindhyan, also known as the Semri Group, and the upper Vindhyan (Fig. 2) . The exposures of the Semri Group are fairly continuous along the southern limb of a westerly openUP (April 2008) plunging broad syncline in the valley of the Son River, with discontinuous and limited outcrops on the northern limb (Fig. 1B) . The Deoland Formation, at the base and the Chorhat Sandstone Member of the Kheinjua Formation, at the middle level of the Semri Group contain the ferric illites discussed in this paper (Fig. 2) . The age of the Chorhat Sandstone is bracketed between 1.63 and 1.60 Ga on the basis of U/Pb SHRIMP dating of zircon grains in the tuffaceous layers bounding the Kheinjua Formation immediately below and above (Rasmussen et al., 2002) . Based on a detailed review of recent literature, Ray (2006) considered that the Chorhat Sandstone is slightly older than 1.6 Ga and placed it within the Paleoproterozoic. Although there are no direct age data for the Deoland Formation, it is considered slightly older than 1.72 Ga on the basis of Sr isotope stratigraphy of the Kajrahat Limestone in the Kajrahat Formation, immediately overlying it (Ray, 2006) (Fig. 2) . Despite its age, the entire Vindhyan succession is unmetamorphosed and only mildly deformed (Bose et al., 2001 ). Vindhyan sedimentation commenced in an intracratonic rift setting that later transformed into a sag basin during upper Vindhyan time (Bose et al., 2001) . Bose et al. (2001) presented a comprehensive paleogeographic synthesis for the entire Vindhyan Supergroup and provided a general outline of sequence stratigraphic architecture of the Semri basin in central India (Fig. 2) .
The succession in the Chopan study area varies only a little from this, with the recording of a locally developed terrestrial sediments at the base (see below). Sedimentation in the Semri basin took place mostly in the marine realm, although there are local intervals and occurrences of fluvial and aeolian sediments ( , [Bose et al., 2001] , [Banerjee and Jeevankumar, 2005] , [Sarkar et al., 2006] and ). Both the Deoland Formation and the Chorhat Sandstone contain non-marine sediments, but the green glauconitic minerals under discussion here occur within the marine portions only .
openUP (April 2008) 
Laboratory methodologies
Fresh samples were collected from quarries and river sections for the various laboratory studies. Thin sections of the glauconitic sandstones were examined and photographed using a Nikon Eclipse E 600 polarizing microscope with an attached Nikon coolpix 8700 digital camera. After mildly grinding the glauconitic sandstone samples the glauconitic pellets were hand-picked and powdered for XRD analysis. The powdered samples were scanned from 3° to 60° at 3° 2θ min showed an analytical error of less than 1%, which is associated with X-ray counting, standardization and correction uncertainties inherent to the technique. The ZAF method was followed to correct the EPMA data. (Fig. 4A) . Otherwise, the lower segment is made up of conglomerate and pebbly sandstone, both poorly sorted and possessing lenticular geometry, comparatively more pronounced in the former (Fig. 4B-D ). The conglomerates are internally massive, but with increasing incorporation of sandstone, become crudely cross-stratified, pebbles generally defining the foreset bases, but also being randomly scattered. The sandstone is thoroughly cross-stratified, except at the base of the segment where it is massive or poorly cross-stratified (Fig. 4D ). Vertical juxtaposition of channel forms of these poorly sorted siliciclastic sedimentary rocks supports fluvial aggradation. The fining-upward trend in this lower Deoland stratigraphic segment reflects a slow rise in base level (cf. Catuneanu, 2002) . Sandstone lenses with pebbles scattered randomly within them indicate intermittent high-energy flash-flood deposition (cf. Pfluger and Seilacher, 1991) . 
Chorhat sandstone
The Chorhat Sandstone Member, bounded between the organic carbon-rich Koldaha Shale Member (together forming the Kheinjua Formation) below and the Rampur Shale Member (Rohtas Formation) above (Fig. 2) shows a slightly coarsening-upward trend.
Sarkar et al. (2006) Deposition of the Chorhat Sandstone is ascribed to a storm-dominated open sea paleoenvironment (Bose et al., 2001) , based on the characteristics described above (cf. [Bourgeois, 1980] , [Brenchley and Newall, 1982] , [Hunter and Clifton, 1982] and [Hill et al., 2003 ] and many others). More frequent amalgamation of sandstone beds in the facies B points to shoaling. Ripples migrating along troughs of larger ripples at the topmost part of the section also indicates late stage run-off on emergence of the depositional surface.
In contrast, occurrence of thin storm beds in facies A in the lower part of the Member suggests deposition near the storm-wave base . The Chorhat The partially replaced, glauconitized grains show relict extinction of the feldspars and reveal various stages of glauconitization. SEM back scattered images clearly reveal initiation of the glauconitization as minute blebs (5-10 μm in width, a few tens of μm in length) within the feldspar cleavages ( Fig. 7E and F) . SEM study also reveals crack development within the host feldspars during glauconitization ( Fig. 7E and F ). It appears that initially glauconitization of feldspar took place in the form of small blebs along dominant cleavage planes. Resultant increase in grain volume led to formation of fractures (Fig. 7E, F, H) . Glauconitization then extended further along both cleavages and fractures until the entire feldspar grain was replaced. Yet, most of the peloids reveal the existence of relics of feldspar within them (Fig. 7B) . Table 1 and in Fig. 9 and Fig. 10 . The structural formula of the glauconitic minerals is calculated for the half unit cell of a mica structure on the basis of 10 oxygens and 2 hydroxyls, with a total of 22 negative charges (cf. Manghnani and Hower, 1964) and is presented in Table 2 . The cation content of all the analyzed phases is given in Table 3 . For explanation of codes see Table 1 . For explanation of codes see Table 1 .
K 2 O content of the minerals varies between 4.1 and 9.7%, but does not show any relation with the stage of the glauconitization process, as values derived from glauconitic peloids, thin films within cleavages and fractures, and from rims of glauconitic minerals around feldspars overlap (Table 1, Fig. 9 ). The same is true for Fe 2 O 3 (total) content which ranges from 2.4 to 9.8% in the peloids and from 2.4 to 7.5% in the thin films. However, Fe 2 O 3 (total) is noticeably higher in the CSF (average 6.5%) as compared to the DFF -Fe 3+ substitution in glauconitic minerals ( Fig. 10A ; [Odin and Matter, 1981] , [Ireland et al., 1983] , [Velde, 1985] , [Dasgupta et al., 1990] and [Jarrar et al., 2000] ). Lack of any correlation between K 2 O and Fe 2 O 3 (total) in these phases negates concomitant fixation of interlayer cations during replacement of other cations as described by other workers ( [Valeton et al., 1982] and [Jarrar et al., 2000] ) (Fig. 10B ), but suggests independent incorporation of interlayer cations during glauconitization. Poor correlation is also observed between K 2 O and MgO (Fig. 10C ) and between K 2 O and CaO (Fig. 10D) , in contrast to Jarrar et al. (2000) who found good correlation for these oxides. Higher Fe 2 O 3 (total) content distinguishes the CSF peloids from the DFF peloids in the scatter plots (Fig. 10A, B, E) . Since the CSF peloids are darker, the color of the ferric illite peloids is seen to be closely related to their Fe 2 O 3 (total) content.
Structural formulae of the analyzed phases are consistent with that of the glauconite family of minerals. As per AIPEA definition, glauconite is an Fe-rich dioctahedral mica (Jarrar et al., 2000) . Mn 2+ is negligible in the minerals and is not represented in the formula. In the analyzed phases, the tetrahedral sites are never completely filled by Si; 92.5% of the four sites on average are occupied by Si and the rest is filled by Al. The average Si 4+ and Al IV content of the tetrahedral site is 3.7 and 0.3 atoms per formula unit, respectively (Table   2 ). EPMA data of the ferric illite peloids and thin films of ferric illites along the cleavage planes and fringes of feldspars do not reveal any significant variation of cations.
The feldspars hosting the ferric illites are identified as K-feldspar, on the basis of their high K 2 O content as compared to their very low Na 2 O content (0.2 and 0.7) ( Table 4) . Kfeldspar overgrowth is almost similar in composition to the detrital grains. The cation content of all the analyzed potassium feldspar precursors is given in Table 5 . The analysis was done on the basis of one unit cell of potassium feldspar, calculated for 8 oxygen atoms with a total negative charge of 16. Table 5 .
Cation 
Origin of the 'glauconitic minerals' in the Semri group
The glauconitization process is commonly explained by the two popular theories, namely the 'layer lattice theory' ( [Burst, 1958a] , [Burst, 1958b] and [Hower, 1961] ) considering conversion of degraded illites through addition of Fe, and secondly, the 'verdissement of grains' involving progressive addition of K (from seawater) to the neoformed glauconitic smectites (Odin and Matter, 1981) . According to our data, only authigenic alteration of K-feldspar led to glauconitization in the Semri Group, and K 2 O contents of both glauconitic peloids and incipient phases are similar, therefore neither of these theories appears to fit. According to the second general hypothesis, higher K in the glauconitic minerals means a higher level of maturity; the estimated time range is 10 3 -10 4 years for neoformed or immature glauconites and about 10 5 -10 6 years for highly evolved glauconitic mica. Nevertheless, the observed compositional similarity between incipiently formed glauconitic minerals and well developed glauconitic peloids in our data rules out 'degree of maturity' as the main factor in dictating composition of the glauconitic minerals. More plausibly, high a K + in the porewater arising from dissolution of Kfeldspars was conducive for the mineralization to proceed ( [Dasgupta et al., 1990] and [Deb and Fukuoka, 1998] Berg-Madsen, 1983] and [Dasgupta et al., 1990] ). The only reported occurrence from a deep marine environment, however, identified associated ferromagnesian minerals as the possible source of Mg (Deb and Fukuoka, 1998) . In the case of both the Deoland Formation and the Chorhat Sandstone, Mg-rich ferric illite authigenesis has taken place on marine shelves, with increasing propensity for this alteration in a paleo-offshoreward direction. In our view, the only possible source for Mg, in this case, was the seawater. It is thus postulated that ferric illite authigenesis in the entire marine realm is possible, but the mineral is more likely to be rich in Mg because much of it is available within the ambient seawater.
Glauconitization is one of the key characteristics of condensed zone sediments and can thereby be considered as typical of transgressive systems tracts ( [Loutit et al., 1988] , [Haq, 1991] , [Amorosi, 1995] , , [Amorosi and Centineo, 1997] and [Kitamura, 1998] ). In the Deoland Formation it has, indeed, according to widely accepted palaeoenvironmental models, taken place within a TST, but in the Chorhat Sandstone
Member it occurred within what is demonstrably the top part of a HST. This unexpected occurrence of authigenic glauconitic minerals in an essentially regressive depositional sequence is possibly related to the unique sedimentation style interpreted for many Precambrian epeiric seas ( [Eriksson et al., 2001] and ). We suggest that the generally low rate of sedimentation in Proterozoic epeiric seas made authigenic ferric illite formation possible, even under HST conditions. Very low gradients allied to lower continental freeboard is considered typical for Precambrian epeiric sea floors (Eriksson et al., 2001) . Sedimentation being largely controlled by episodic storms, as appears to have been the case for the Semri Group deposits discussed here; its overall rate openUP (April 2008) must have been very low on open shelves. On the basis of this latter contention, argued that HST deposits formed in Proterozoic epeiric seas are likely to be vertically stacked in the rock record, more often than not. Similar stacking was observed by Banerjee and Jeevankumar (2005) in the Koldaha Shale, another stratigraphic interval of the Semri Group (Fig. 2) , central India. Frequent amalgamation of storm beds, even those apparently deposited near the storm wave base, within the Chorhat Sandstone HST clearly speaks for a very low overall sedimentation rate. Glauconitization in HST deposits may thus be normal against a Precambrian sedimentation background. 
Conclusions

